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I ABSTRACT

This Phase I effort demonstrated the feasibility of using scatterometry to provide sensors
for process control and overlay measurement for structures having sub-ltm linewidths
(CDs). The processes which we investigated were etching poly-Si and selective
deposition of W, with particular attention directed toward application in a cluster tool
environment. We analyzed structures having CDs of -0.20 pm, -0.35 pm, and -0.50 pm.
We used simulation techniques to show that scatterometry is capable of monitoring the
width and height of the lines during these processes, summar'-ed as follows:

SStructure CD Prediction Error Height Prediction Error
_____________(nm.) (nnm) _ _ _

Si Etch, CD -0.20 pm ... 0.4 8 ..

Si Etch, CD -0.35 pm 3 21
Si Etch, CD -0.50 Ipm 3 14

W Depo., CD -0.35 pm 1 43 .W Depo., CD -0.50 pim 4 -. 5

These results can be improved by implementing the sub-range prediction techniques
described, We have demonstrated the ability of scatterometry to provide overlay
measurement in a simple manner which is summarized as follows:

SOVERLAY MEASUREMENT ERROR: • 0.5 nm

Note that we have applied these same simulation techniques in similar applications
involving CDs in the range between 0.12 prm and 2 pin, and results have agreed well with
experimental results. In a r'hase II effort wC would verify these simulations by
constructing scatterometers and implementing thern in reactors.
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1 1.0 INTRODUCTION

The development of critical dimension (CD) metrology techniques has become crucial
as the CDs of semiconductor devices have shrunk toward 0.25pm. The tolerances of
the fabrication process, or error budget, are approximately 10% of the CD. The
shrinking tolerances haw. led to the industry's steady drift from optical microscopy to
scanning electron microscopy (SEM) III as the primary reference method for CD
metrology. Additional CD ,netrology tools include scanning force Microscopy (SFM)
[21 and electrical linewidth measurements 131. The critical performance issues with
every metrology instrument are calibration, accuracy and precision 141. CGher desirable
attributes are that the tool be non-contact, non-destructive, rapid and applicable in-situ.
However, these three metrology techniques suffer from some combination of being

slow, destructive, tedious, and unsuitable for in-situ application.

Opticai scatterometry applied to periodic structures has all of the above attributes, and
hence has tremendous potential as a CD metrology tool. Scatterometry consists of the
measurement and analysis of light scattered from a sample surface 151. In the case of a
periodic structure, such as arrays or repetitive cells, the light is diffracted orders at3 angular locations specified by the grating equation

sin 0, + sin 0,, = n.__ I

where Oi is the angle of incidence, On in the dngular location of the n-th diffraction
order, n is an integer, A, is the wavelength of incident radiation, and d is the period

S(pitch) of the structure. Figure I illustrates the geometry used in the description of
diffraction.

1 -1 ORDER

INCIDENT
BEAM I SPECLLAR

II
II

I h

-_ Figure 1: Diffraction geometry used in this effort
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I Information about the diffracting structure is obtained by interpreting the distribution of
intensities in the various diffracted orders. This distribution is extremely sensitive to the
width, height, and sidewall profile of the diffracting stricture. Scatterometry is an
optical metrology technique that does not suffer from the limitations of optical
microscopy because, unlike imaging, the diffracted light is not combined or imaged
prior to analysis.

When measuring diffraction from gratings, the polarization of the incident beam
measurably affects the intensity of the diffracted beams. For TE polarization, the incident
E field is parallel to the grating lines. When the E field is perpendicular to the grating
lines, the beam is TM polarized. Typically we use TE polarization, although the
polarization may be changed in a controlled manner to increase the amount of information
obtained from a measurement,

For a fixed angle of incidence of the laser beam, the number of diffracted orders is
determined by the ratio A/d. The larger this ratio is, the greater the number of
diffraction orders, and consequently, the greater the information content of the
scatterometry data.

For small pitch structures in which the period of the grating is comparable to the
wavelength of the incident probe beam as illustrated in Figure 1, only a few
propagating diffraction orders exist. When the angle of incidence is fixed, little
information is available from a scatterometer measurement, and alternative
"measurement arrangements must be implemented. Either the angle of incidence or the
wavelength of the incident beam (or both) can be scanned, and the intensity of one or
more diffraction orders can be continuously monitored. For this Phase I effort weI demonstrated the feasibility of scatterometers which incorporate these two techniques;
this is discussed in Section 2.

I The behavior of the diffracted fields and their dependence on the diffracting structure
lineshape can be understood using a rigorous form ism. A formalism we have used3 with great success to simulate and interpret L fraction data encountered using
scatterometry is rigorous coupled wave theory (RCWT) 161. RCWT numerically solves
Maxwell's equations for the case of an incident wave illuminating a periodic structure.
It is a first-principles solution of the diffraction problem and is therefore quantitative
and accurate. Use of RCWT allows for the theoretical solution of the.forward grating
diffraction problem, that of predicting the distribution of intenities in the various
diffraction orders when a laser beam is incident on a grating of known shape.

The inverse grating diffraction problem, predicting the lineshape of' the diffracting
structure from knowledge of the diffracted light characteristics, is quite difficult. This5 is because the diffraction characteristics vary in a complex, non-intuitive manner as the

*
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lineshape of the diffracting structure is changed. The inverse problem has been a topic
of active research for many years. Our approach to this has involved multivariate
statistical techniques (e.g. Chemometrics) and has provided very good results. These
same statistical techniques have been applie.d in this Phase I effort and are described in
Section 2. Diffracted Scatter Analysis (DSA) 171, used for the solution of the inverse
problem, combines scatterometry, theoretical simulation, and statistical analysis to
predict critical dimensions from a measued optical scatter pattern.

I
I
I
I

I
I
I
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m 2.0 OVERVIEW OF OUR APPLICATION OF SCATTEROMETRY TO
PROCESS CONTROL AND OVERLAY MEASUREMENTI
As explained previously, for a diffracting structure in which the pitch (and CD) of the
diffracting structure is small compared to the incident probe beam wavelength, the
angle of incidence or the wavelength can be varied in order to obtain a large amount of
information in a measurement. A "2-0" scatterometer is the name applied to the
arrangement in which the angle of incidence is scanned, and a ",-scan" scatterometer is
the name applied to the other situation in which the wavelength of the incident probe
beam is scanned. In these two sitations, the shapes of the curves that are obtained are
extremely sensitive to the lineshape of the diffracting structure. Figures 2 and 3
illustrate the two scatterometer arrangements. In a Phase IH effort we would construct
and implement practical versions of these scatterometers which have no moving parts
and other improvements which make them more amenable to fab line (cluster tool) use.

CENTER OF
'ROTATION

| ," -ilC, - - ,I H~~ICIDENT ...-

I-

3NORMAL J-DETECTOR

Figure 2. A 2-0 catterometer which measures the power of a diffracted order as a
"function of incident angle.

_ ~~~N l "D • d" --

TUNABL SAMPLE
SOURCIeI % - .

SURFACEm NORMALI 
DETECTOR

Figure 3. A X-scan scatterometer which measures the power of a diffracted order as a1function of incident wavelength.
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U We first identified two critical processes used in a cluster tool environment that require
sensors for process control: poly-Si etch and selective depesition of W; additional
details for this decision are discussed below. The RCWT approach was used to
theoretically generate the scatter patterns corresponding to the 2-0 and X-scan
scatterometer arrangements over a parameter space defined by expected variation of
linewidth and height of the structure. The wavelength used for the probe beam for the
0.20 gin geometry was 325 nm, and 633 nm was used for the 0.35 pm and 0.50 gmfgeometries. The effects of process variations were simulated by allowing the height
and width of the lilies to vary around their nominal values.

I A similar approach was taken for overlay measurement. The structure which was
investigated consisted of two gratings. One grating had Si lines and SiO 2 spaces, and3 the other grating consisted of developed photoresist and was located on top of the
Si/SiO 2 grating. The two gratings were modeled to have the same pitch but were
offset from each other by different amounts. The wavelength of the probe beam used
in these simulations was 633 nm. Additional details are given in Section 4.

The theoretical scatter patterns provided the calibration, or reference set of data needed
to train the multivariate statistical analysis technique. This was used to solve the
inverse problem of predicting the lineshape and overlay. We used partial least s•uares5 (PLS) for this purpose 17,81.

Cross validation was used to quantify the expected performance of a scatterometer and
analysis technique when applied to a specific structure. Cross validation is the process of
repeatedly calibrating the statistical technique using a subset of the calibration data, using
the rest of the calibration data as "unknowns" which are submitted to the statistical
technique for prediction, and recording the prediction error for each "unknown". The
standard deviation of the prediction errors is the standard error of prediction (SEP) of the
proposed instrument; i.e. the SEP values listed in the sections below represent the ]-a
precision of predicting the parameters of interest.

We calculated the SEP for three different noise situations for most applications. The first
situation assumes that both the calibration data and the measurement data are noise-free.
The second situation assumes that only the measurement data contains noise. The third

Ssituation assumes that both the measurement data and the calibration data contain noise.
Examirning these three cases characterizes the noise immunity of the proposed instrument.

3 Our experience over the past five years investigating the diffraction from etched structutes
and other relief gratings has been that the O-order and I st-order diffracted beams are
typically strong and able to be seen with the unaided eye. Because of this the
measurements contain low noise levels, and a conservative simulation involves the second
case described above. The simulated calibration data is practically noise free.

18I



The noise model chosen was

I = IT + k*N*sqrt(10) , (2)

where N is a zero mean unit variance Gaussian random variable, k is a constant modifier
used to change the noise power, I0 is the noise free measurement, and I is the noisy
measurement. This noise model mimics electronic noise in the measurement system. The
value k=0.002 was chosen to heavily degrade the weak signals (with I0 - 0.000008) in the
simulated measurement while leaving the stronger signals relatively intact. This added
simulated dynamic range limitations to the experiments.

This app-oach, i.e. diffrac:ion simulation using the RCWT coupled with multivariate
statistical analysis (PLS), provides an excellent platform for instrument design. Simulation
can precisely characterize the behavior of a prototype instrument before the instrument is
fabricated. The characteristics of a proposed instrument, including the measurement
accuracy and precision, are known prior to construction. An additional benefit of this
method of design is that the instrument is calibrated in the design phase. Because the
simulation program is based on first order principals, the final instrument calibration is well
characterized and is independent of any commercially available calibration standard. We
have used this same approach in similar applications in which the calculations and
experimental verification were in close agreement, such as characterizing the lineshape of
developed photoresist. See Reference 5, which is attached in Appendix 1.

I
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1 3.0 CRITICAL DIMENSION METROLOGY

The first task we performed was to determine relevant applications for scatterometry in
today's and tomorrow's microelectronics industry. We visited Applied Materials in Santa
Clara, CA, TI in Dallas, TX, SC Technologies in Livermore, CA, and Sandia National
Laboratories in Albuquerque, NM,. Representatives of Applied Materials and Tencor
subsequently visited us in Albuquerque. We communicated with Novellus in Santa Clara,
CA, Drytech in Wilmington, MA, and AT&T in Allentown, PA. These contacts reported
or confirmed that etching poly-Si and filling trenches with W are presently relevant
processes that would benefit from advanced metrology.I

lwn I I Pn
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h •0.4 m m<1~
h 5w -0.2 pm wh-0.35 , m 

w .ir

d =0.4pm dw 0.7pro d 1.0prn
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I .•
inin ~~2  0.5Trenchd

WFIN WFIII
_h 0.5prm h A 1•m

_S Substrate SS trat

w -0.35mn w -0.5 pmnId 0.7 ,d- 10 mn
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Figure 4. The five structures that were examined to demonstrate the applicability
of scatterometry to monitor line shapes of etched poly-Si (parts a., b, and c) and
deposited W (parts d and e).

I Figure 4 shows the five specific structures we examined which correspond to two
processes, with structures having nominal CDs of -0.20 gim, -0.35 pom, and -0.50 gim.
The poly-Si etching involved a photoresist mask that was 0.5 Pim thick for the 0.2 Pm CD
structures, and 1.0 gm thick for the 0.35 pm and 0.50 pm structures. The selective W
deposition process involved filling trenches in a SiO 2 grating over a Si substrate. The
structures shown in Figures 4d and 4e show the trench partially filled with W. The second
process was etching poly-Si through a photoresist mask.U
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U The line width of the structures was varied by ±+10% of thc. nominal value to accommodate
for process variations that might occur. In addition, for each structure the size of the lines
and spaces was approximately the same. This is realistic if issues involving proximity
effects are to be avoided.

3 We emphasized 0.35 pm and 0.50 gm geometries in this effort because of their relevance
to our Phase II effort which we will propose. Specifically, as discussed below, we will
propose to implement a scatterometer on a deposition or etch system to monitor the
process, and 0.20 gm geometries are not compatible with the systems available to us. In
addition, the larger geometries represent a logical next step in the progression from
current technology to smaller geometries. We will approach measuring 0.20 pm
structures ex-situ as discussed in Section 7.

Figures 5, 6, and 7 show examples of data which we generated using RCWT. Figure 5
corresponds to the structure of Figure 4a (etched poly-Si and CD - 0.20 pm) and shows
the variation of the Ist-order diffracted power with incident angle of the probe beam for
three different line widths. Figure 6 corresponds to the structure of Figure 4b (etched
poly-Si and CD - 0.35 gm) and shows the variation of the 1 st-order diffracted power with
incident wavelength of the probe beam for three line widths. Fit ire 7 corresponds to the
structure of Figure 4d (selective W deposition and CD - 0.35 gm) and shows the variation
of O-order power with incident angle of the probe beam for three line heights. The
differences between the three curves in each of the figures illustrates the sensitivity of the3 scatterometry technique to parameter changes, and this is what partial least squares
exploits for prediction. Note that only three curves are included in each figure to avoid
confusion that would occur if all the data were plotted.
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Figure 5: Simulated 2-0 scatterometer data showing the 1 st-order diffraction
from characterizing an etched poly-Si structure of CD - 0.2 pm, for three different
line widths, ledgend units are pm.
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Figure 6: Simulated -Scan scatterometer data showing the 1st-order diffraction
from characterizing an etched poly-Si structure of CD - 0.35 pm, for three
different line widths; ledgend units are gm.
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I
3.1 Si Etch, 0.20 pm CD

3 The 0.20/0.4 poly-Si etch structure is shown in Figure 4a which consists of a 0.5 pm thick
photoresist grating mask over the poly-Si layer. The wavelength of the incident probe
beam was 325 nm and TE polarization was used. The simulation started with a line height
of 0.00 pm and coptinued until a line height of 0.40 pm was reached, increasing in
increments of 0.02 pm, to simulate a total of 21 heights. The line width was varied by
L I-0°/o around the nominal width of 0.20 gm, in steps of 0.01 pm for a total of 5 widths.
For this geometry the total number of simulations was 21x5=105. Each simulation
consisted of a 2-0 scan over the range of 0' to 78° for the angle of incidence, taken in
steps of 20. In this application we included noise in the measurement data and the
calibration data (i.e., the third noise situation discussed in Section 2).

Table I shows the performance of the 2-0 technique is very good at predicting the line
width and the height. To improve on the height prediction, we implemented a technique
called "sub-range analysis". This strategy first utilizes the full-range results of Table I to
locate the line height to within 14 nm. This places the height into one of three sub-ranges:
0 nm to 200 nm, 100 nm to 300 nm, and 200 nm to 400 nm. The predictions for line
height are then performed over the smaller sub-range to provide a significant improvenment
in the height SEP, as illustrated in Table 2.

I Measurement Technique: 2-0

Diffraction Order(s) Used: 0& 1

Width SEP (rin) 0.4
noise in measurement

Height SEP (nm) 14
noise in measurement

I Table 1. The SEPs for measuring critical dimensions of the 0.20/0.4 etched poiy-
Sj structure using the full range of line height for prediction.

-Sub-Range ((nm): 0- 100- 200-
200 30) 400

EHeight SEP (run): 1.3 2.5 8.5

Table 2. Sub-range analysis SEPs for line height prediction using unknown line
II width of the 0.20/0.40 etched poly-Si structure. A 2-0 measurement technique

and both diffraction orders were used for the analysis.

1 Note that this refinement in the analysis process does not involve any additional
measurements and, because all the calibrations are already performed, can be computed

* I13
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quickly. After training the PLS technique, the total analysis time required for prediction is
on the order of a few msec. The sub-range process can be repeated to further improve
prediction results. We are very pleased with this approach and have applied it to some of
the other structures discussed below.

I
3.2 Si Etch, 0.35 pm CD

The 0.35/0.7 poly-Si etch structure is shown in Figure 4b. The process simulation began
with a 1.0 pm thick photoresist grating over a poly-Si layer. The end point was when the
poly-Si had been etched 0.5 ptm deep. Simulations were run starting at the beginning and
at .02 pm intervals until the 0.5 pm line height was obtained. The total number of etch
heights was 26. The line width was varied :000/o around the nominal width. For the
0.35/0.7 structure, the range was 0.315 ptm to 0.385 pm. A step size of 0.007 pm
resulted in 1 I different line widths. The total number of simulations was 26x 11=281. The
wavelength of the incident probe beam was 633 am.

Measurement Technique: 2-0 X-scan

Diffraction Ordersl U sed: 0-order 1-order 0&1 0-order 1-order 0& 1
Width SEP (nm) 2 5 1 10 11 3
no noise___________
Width SEP (nm) 2 ...5 1 10 12 3

noise in measurement
Width SEP (nm)
noise in measurement & 3 6 1 10 11 3

* noise in calibration
Height SEP (am) 42 47 29 51 27 20
no noise
Height SEP (tim) 44 57 29 53 28 21
noise in measurement
Height SEP (run)
noise in measurement & 43 56 29 5227 21
noise in calibration (nm) - -

Table 3. The SEPs (standard errors of prediction) for measuring critical
dimensions of the 0.35/0 70 etched poly-Si structure.

The results shown in Table 3 indicate that the 0.35/0.7 Si etch structure can be predicted
accurately using either arrangement, although the X-scan technique provides slightly better
results. The slight difference in the SEP of the predicted width from the two arrangements
is inconsequential. The performance of both techniques could be improved using the sub-
range technique described above in connection with the 0.20 pLni structure.

* '4
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I 3.3 Si Etch, 0.50 pm CD

The 0.5/1.0 poly-Si etch structure is shown in Figure 4c. The process simulation began
with a 1.0 pm thick photoresist grating over a layer cfpoly-Si, representing a 0.0 ptm deep
etch. Simulations were run at .02 pm intervals until a line height of 1.0 gm was reached.
The total number of line heights was 51. The line width was varied ±10% around the
nominal width. For the 0.5/1.0 :-,ructure, the range was 0.45 pm to 0.55 pm. A step size
of 0.01 pm resulted in 11 different line widths. The total number of simulations was
5ixl 1=561. The wavelength of the incident probe beam was 633 nm.

Measurement Technique: 2-0 X-scan

Diffraction Order~s) Used: 0-order 1-order 0&1 O-order 1-order 0&1
Width SEP (nm) 6 8 3

no noise
Width SEP (nm) 5 6 2 6 8 3
noise in measurement
Width SEP (nm)
noise in measurement & 5 5 2 6 8 3
noise in calibration
Height SEP (rim) 241 257 209 278 273 227
no noise
Height SEP (nm) 244 277 215 279 273 227
noise in measurement
Height SEP (nm)
noise in measurement & 242 273 215 279 273 229
noise in calibration (rnm) - -

Table 4. The SEPs for measuring critical dimensions of the 0.5/1 .0 poly-Si etch
structure.

As Table 4 shows, the line width prediction results were excellent, but the height estimates
were poor in all cases. Examination of the data revealed a periodic variation of the
diffracted intensity with increasing line height. The variation is an interferometric effe-t of
the optical path difference inside and outside the trench. The PLS analysis performs best
when the measurement varies linearly with the critical dimension, and the solution quickly
degrades when this is not the case. The PLS analysis is also poor when the measurement
is not unique over the range of critical dimensions under study, as occurs here with
periodic variations.

We then applied sub-range analysis described in Section 3.1 to improve the line height
predictions. The height was divided into 5 overlapping sub-ranges between 0.0 pm and
1.0 pim, and the width was divided into 4 overlapping sub-ranges between 0.45 pm and
0.55 atm. The full-range results sumrmarized in Table 4 were used to locate the prediction
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into one of the 20 "bins" corresponding to a particular combination of width and height
sub-ranges. We then applied PLS to determine the SEP for each sub-range. We used 0-
order and I st-order data in which the measurement data and the calibration data had noise
(i.e. the third noise situation).

Tables 5 and 6 summarize the line height SEP obtained for each of the 20 "bins" using the
2-0 technique and the X-scan technique, respectively. It can be seen that the height
prediction was significantly improved to provide SEPs that are less than 14 nm for the X-
scan technique and less than 36 nm for the 2-0 technique. Thus the X-scan technique is
considered to provide the better overall performance for this specific application. We are
vory pleased with both of these results.

Linewidth & 0.45 - 0.49 0.47 - 0.51 0.49 -0.53 0.51 - 0.55
Height Ranges (gm) (Pm) (pm) (ptm)

0.0 -0.36 0.0053 gm 0.0061 gm 0.0083 prm 0.0086 jim
(grm)

0.18-0.54 0.0185 gm 0.0187 gm 0.0280 gm 0.0238 gm
(pm)

0.36-0.72 0.0220 gm 0.0255 prm 0.0225 pm 0.0213 gm

0.54- 0.90 0.0346 pm 0.0276 gm 0.0312 pm 0.0362 pm
0tin)

0.72-- 1.00 0.0199 pm 0.0061 gm 0.0138 pm 0.0099 ýtm
(gm)

I
Table 5. Sub-range analysis SEPs for line height prediction using unknown line
width of the 0.5/1,0 cched poly-Si structure. t 2-0 measurement technique
and both diffraction ordzrs were used for the analysis.

I
I
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Linewidth & 0.45- 0.49 0.47 -0.51 0.49-0.53 0.51 --0.55i Height Ranges (Am) (Pm) (1m) (4im)

0.0 -0.36 0.0037 gxm 0.0043 gm 0.0061 gm 0.0088 ptmI ~(p~m)

0.18-0.54 0.0094 p.m 0.0086 gm 0.0137 .m 0.0118 pmI ~(p~m)

0.36 - 0.72 0.0100 !ran 0. )083 tm 0.0143 gxm 0.0115 p.m
(4tm)

0.54 - 0.90 0.0145 pm 0.0135 g.m 0.0101 pRm 0.0095 gm
(ýLtm)

0.72 - 1.00 0.G036 gm 0.0031 lam 0.0037 gtm 0.0036 ptm
(p~m)

I
Table 6. Sub-range analysis SF.Ps for line height prediction using unknown line
width of the 0.5/1.0 etched poiy-Si itructure. A X-scan measurement technique
and both diffiraction orders were used for the analysis.I

I
3.4 Selective W Deposition, 0.35 pm CD

I The 0.35/0.7 W deposition structure is shown in Figure 4d. The process simulation began
with a 0.7 prm pitch, 0.5 pm deep SiO 2 grating over a bare Si wafer, representing a 0.0
pim W fill. Simulations were run starting at 0.0 pm and at .02 Rm intervals until the 0.5
prm deep trench was completely filled. The total number of deposition heights was 26.
The line width was also varied :L10 % around the nominal width to provide a range of
0.315 pm to 0.385 lam. A step size of 0.007 pm resulted in 1 I different line widths. The
total number of simulations was 26 x 11 =286. The wavelength of the incident probe beam
was 633 rin.

I
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Measurement Tecimique: 2-0 X-scan

Diffraction Order(s) Used: _0-order 1-order 0&1 0-order 1-order 0&1
Width SEP (nm) 7 6 2 1 2 <1
no noise

Width SEP (nm) 8 7 2 2 3 1
noise in measurement
Width SEP (nm)
noise in measurement & 8 6 2 2 3 1
noise in calibration
Height SEP (nm) 6 16 4 5 6 2
no noise
Height SEP (nm) 8 24 4 8 15 4
noise in measurement
Height SEP (nm)
noise in measurement & 8 24 4 8 16 3
noise in calibration (nrm)

Table 7. The SEPs (standard errors of prediction) for measuring critical
dimensionq of the 0.35/0.7 W deposition structure.

Table 7 illustrates the predicted results for the 0.35/0.7 W deposition structure are
exceptional for both scatteromete8 arrangements. The k-scan technique slightly
outperformed the 2-0 technique for both the line width and height predictions. However,
these differences are considered to be inconsequential. The 0-order column for the X.-scan
arrangement suggests using a single fixed detector for the measurement, and this
represents a simple instrument with no -noving parts and easy alignment.

3.5 Selective W Deposition, 0.50 Am CD

The 0.5/1.0 W deposition structure is shown in Figure 4e. The process began with a 1.0
Am pitch, 1.0 ý.m deep SiO 2 grating over a bare Si wafer, representing a 0 0 Arm W fill.
Simulations wcrc run at 0.0 Am and at .02 pm intervals until the 1.0 Am deep trench was
completely filled. The total number of deposition heights was 51 The line width was
varied ±10 % around the nominal width. For the 0.5/1.0 structure, the range was 0,45 Am
to 0.55 Am. A step size of 0.01 Am resulted in 11 different line widths. "The total number
of simulations was 51xl 1=561. The wavelength of the incident probe beam was 633 nm.

Table 8 illustrates how the line width of the 0.5/1 .0 W deposition structure can be quite
well measured using eitht." technique, although the ,-scan technique performs slightly
better. The deposition height SEP for the 2-0 arrangement is marginal because the
measurement SEP is comparable to the precision available using SEM characterization.

II
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Measurement Technique: 2-0 X-scan

I~ -I

Diffraction Order(s) Used: 0-order 1-order 0&1 0-order 1-order 0&1

Width SEP (rim) 16 25 9 12 11 4
no noise
Width SEP (nm) 16 25 9 12 13 43 noise in measurement
Width SEP (rnm)
noise in measurement & 16 25 9 12 13 5I noise in calibration
Height SEP (nm) 6 7 116 49 134 125 114U no noise________ ________

Height SEP (ni) 67 124 48 134 125 114
noise in measurement
Height SEP (rim)
noise in measurement & 67 148 49 134 125 114
noise in calibration (rnm)

i Table 8. The SEPs (standard errors of prediction) for measuring critical
dimensions of the 0. 5/1 .0 W deposition structure.

We applied the sub-range analysis described in Section 3.1 to improve the line height
predictions. The height was divided into 5 overlapping sub-ranges between 0.0 urm and
1.0 pm, and the width was divided into 4 overlapping sub-ranges between 0,45 pim and
0.55 pm. The full-range results summarized in Table 8 were used to locate the prediction
into one of the 20 "bins" corresponding to a particular combination of width and height
sub-ranges. We then applied PLS to determine the SEP for each sub-range. We used 0-
order and I st-order data in which the measurement data and the calibration data had noise
(i.e. the third noise situation).

Tables 9 and 10 summarize the line height SEP obtained for each of the 20 "bins" using

the 24.0 technique and the ,-scan tcchniquc, respectively. It can be seen that the height
prediction was significantly impi oved to provide SEPs that are less than 5 nm for the .-
scan technique and less than 6 nm for the 2-0 technique. We are very pleased with both
of these results and consider both techniques capable of characterizing the 0.5/1 .0 W
structure.

I
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3 Linewidth & 0.45 -0.49 0.47 -0.51 0.49 -0.53 0.51 -0.55
Height Ranges (Am) (Pim) (jim) (jim)

0.0 -0.36 0.0025 gim 0.0027 pW 0.0028 pjm 0.0017 jim
(gim)

0.18-0.54 0.0040 .um 0.0051 jim 0.0047 jm 0.0045 pam
(jim)

0.36 - 0.72 0.0042 jim 0.0034 jim 0.0032 jim 0.0040 jim
(gin)

0.54 - 0.90 0.0026 jLm 0.0025 jim 0.0025 jim 0.0031 jim
(jm)

0.72-- 1.00 0.0024 p.m 0.0018 gim 0.0020 jm 0.0021 gtm
(jim)__ _ __ _ _ _ _ _ _ _ _

-I
Table 9. Sub-range analysis SEPs for line height prediction using unknown line
width of the 0.5/1.0 W deposition structure. A 2-0 measurement technique
and both diffraction orders were used for the analysis.

Linewidth & 0.45 -0.49 0.47 -0.51 0.49 -0.53 0.51 - 0.55g Height Ranges (4m) (PM) (jIm) (AiM)

0.0 -0.36 0.0030 j.m 0.0056 pgm 0.0058 p.m 0.0038 gm
(jim)

0.18 - 0.54 0.0030 jim 0.0022 jim 0.0019 Jim 0.0030 jim5 (jim)

0.36-0.72 0.0032 jiLm 0.0019 jim 0.0029 jim 0.0031 gam
-fI (jm)

0.54 -0.90 0.0028 p.m 0.0028 p.m 0.0026 pgm 0.0028 gm5 (jim)

0.72-1.00 0.0016 ýim 0.0019 pRm 0.0019 Lm 0.0021 4tmS(gim) _ I

I Table 10. Sub-range analysis SEPs for line height prediction using unknowit line
width of the 0.5/1.0 W deposition structure. A X-scan measurement technique
and both diffaction orders were used for the analysis.
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1 4.0 OVERLAY

Overlay is the measurement of registration of two adjacent layers to each othe;. Shrinking

design geometries, coupled with increase in processing steps required for the manufacture
of semiconductor devices, are placing an ever increasing demand on overlay tolerances.

I The overlay budget for 0.35 pm structures is 70 nm dictating the precision of the overlay
measurement instrument to be 7 nm or better. This requirement decreases to 5 nm for 0.25
-rm feature sizes. Optical microscopy techniques have been the dominant measurementI1 technique to date, however, it is not clear that they will be able to meet the challenge as
the feature size approaches 0.25 gin. The two major sources of error in overlay
measurement are wafer induced shift, or WIS, due to overlay mark asymmetry, and toolI induced shift, or TIS, due to measurement tool asymmetry. It is clear that in order to
achieve overlay measurement precision of better than 5 nm any, and all, sources of error3. must be removed.

We proposed to test diffraction based techniques for overlay measurement and present the
conclusion of our theoretical study. The structure under consideration is shown in Figure
8 and consists of a developed photoresist grating piaced on top of an etched Si grating.
The region in the space of this grating is filled with SiO 2 . The periods of the two gratings3 1are the same. The probe beam is from a He-Ne laser operating at 632.8 nm and a 2-0
scatterometer arrangement is used for obtaining the measurement. The diffracted power in
both the +1 and -1 order beams is measured as the angle of incidence is scanned. The
quantity of interest here is K(O), which is the ratio of the power diffracted into the +1
order at an angle of incidence 0, to the power diffracted into the -I order due to an angle
of incidence of -0. Because the period of the two gratings is the same, they czn be
considered to be a single periodic structure and K(O) is a measure of symmetry of this
periodic structure.

SI In the absence of registration errors, the photoresist grating will be patterned exactly on
top of the Si/SiO2 grating, and a symmetrical periodic structure will be created. This will
result in K(0) = 1 because the structure will appear the same at an angle of incidence equal
to 0 or -0. Registration errors in the patterning of the top photoresist grating will lead to
an offset in the top grating as opposed to the bottom grating. This will create an
asymmetry in the periodic structure which is shown in Figure 8. This will result in the
deviation of K(0) from 1. Figure 9 is a theoretical plot of K(0) as a function of 0 for
different overlay errors. It can be seen that the curves differ significantly even for a small

I value of overlay error. Using the RCWT model we gene-ated theoretical plots of K(0) for
overlay errors ranging from -40 nm to +40 run with a step size of 5 nm. These plots were
input into a PLS based calibration model, and an estimator of overlay errors was
generated. The cross validated SEP of calibration was less than 0.5 nm, significantly less
than the 5 nm requirement described previously.

2
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3Overay Photoresisti _• • Error Grating

SVSiO 2U Gratingi,
!

Figure 8: Illustration of the structure used to simulate application of
scatterometry to monitor overlay, consisting of a Si/SiO2 grating with a grating of
photoresist on top and slightly displaced laterally.

I
I
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5 ~ ~~Angle of Inoidu~ Dgem

3- , , an -I,0 1S*"

Figure 9: Plots of K(9) versus angle of incidence for five different overlay errors
illustrating the sensitivity of the scatterometry technique to monitor overlay.
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5.0 INITIAL INSTRUMENT DESIGNS

3l Based on tke results described above, twc scatterometer configurations appear most
feasible for applications to characterize line shapes in a cluster tool environment and
overlay. One or both of these will be constructed in a Phase 1I effort as discussed in the
nexi section.

Figure 10 illustrates an arrangement which represents a no-moving-parts version of the X-
scan scatterometer of Figure 3. Note that the materials involved in this system are vacuum
compatible, and this permits locating the scatterometer in the load lock of a cluster tool
system. A fiber optic directs white light to illuminate the sample. The 0-order component
which is specularly reflected from the sample is directed back through the same fiber into a
miniature spectrometer equipped with a 1024 element ccd detector array to provide rapid
spectral resolution of this component. The detector arrays shown on both sides of theI fiber characterize the higher-order diffraction from the sample. Different wavelength I st-
order diffraction components will illuminate different detectors on the arrays, thus
providing spectral resolution. This arrangement neglects the overlap of a 1st-order
component of one wavelength and a 2nd-order component of half the same wavelength.
However, we do not see this to be a problem because of the statistical approach we are3 using for analysis and the fact that this "overlap" issue is -epeatable, In addition, the 2nd-
order terms typically are significantly less ini -nse thln the 1st-order terms and thus
represent a minor changes to the signal levels in, olved.

To Ught Source and
Miniature Spectrometer

3 Fiber Optic

Detector DetectorSAgrmy Armay

N

Figure 10: Arrangement of a no-moving-parts X-scan scatterometer which is9 vhcuum compatible.
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I The exact number of these detectors that is required is not known now, but we estimate
16 on each side of the fiber will be sufficient. This is based on collaborative work with
AT&T in characterizing 0.5 lam pitch structures. In this work we obtained a complete
data set of approximately 300 points to determine the lineshape of the structure and
validated this with SEM characterization. We then performed analysis using fewer and
fewer data points untii the predicted lineshape began to differ from that predicted with the
full data set. We found that 12 data points provided estimates of the iineshape that were
effectively the same as the estimate obtained using the full data set.

Figure II illustrates a scatterometer configuration that is similar in principle to that of
Figure 10, but which is appropriate for characterizing actual device patterns as opposed to

I line/space test patterns. In this arrangement the sample is illuminated with white light via
a fiber, and the specularly reflected 0-order component is analyzed by the miniature
spectrometer as before. The higher-order diffirac!ion from the device pattern is directed
through a lens to a color camera or an imaging spectrometer to provide a spectrally-
resolved measurement of these components. Using a camera is simpler and faster, but it
provides lower spectral resolution. Lower resolution may not be an issue because of the
statistical analysis used; this would need to be investigated. The lens could be located
inside the vacuum load lock of a cluster tool, and the remaining parts of the system would

I be in atmosphere.

Color
CCD

Camera

-I- I
To Light Source and

Miniature Spectrometer

F ib e r O p tic L o i

V~Diffraction Orders

Wafer with Device PatternI
Figure I1: Arrangement of a no-moving-parts X-scan scatterometer which can3 characterize device patterns.
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U Characterizing actual device patterns is more direct than characterizing line/space test
patterns, and in this sense it is more appealing. However, it is not possible to model the
two-dimensional diffraction from devices, and this precludes basing the technique on a
firm theoretical background. In particular, training the statistical analysis technique would
be based on an empirical approach in which diffraction from a number of samples is
characterized, and the lineshape or overlay of the samples is also well characterized. The
application also requires the pattern to have a high degree of periodicity, and this is often
the case in advanced devices such as microprocessors and memory arrays. This approach
has been used at the University of New Mexico to accurately characterize trench depths of
16 MB DRAM structures and plancrization of SRAM device patterns.

2
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I
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1 6.0 CONCLUSIONS

5 We have shown that two scatterometry techniques can be applied to measure the line
shapes of etched poly-Si and deposited W structures having 0.20 itm, 0.35 tim and 0.50
ýrm CDs with errors that are well within acceptable tolerance levels. These results can be
improved using the sub-range technique described. In addition, overlay can be measured
with less than 0.5 nm error.

Simulated scatterometer data was calculated using rigorous coupled wave diffiraction
theory. Analysis was performed using statistical techniques (PLS) to provide a simple
method to determine the performance that can be expected from the scatterometer
techniques. In addition, these simulation techniques represent a significant simplification
compared to generating samples and characterizing them; this will be performed in a Phase
II effort. We have used these same simulation techniques in similar applications in which
experimental results were in close agreement with simulated results. These other results
involved CDs between 0. 12 pnm to 2.0 utm.

I This work has laid the foundation for developing more sophisticated scatterometer
arrangements by showing the feasibility of the two basic techniques, 2-0 and •,-scan, to
measure lineshape and overlay. Using thi-, background, more advanced systems can be
designed and constructed to address specific issues, such as cluster tool applications.

2
I
I
I
I
I
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U 7.0 PHASE ii PLAN

3 We plan to propose a Phase 1I effort which will involve constructing scatterometers and
implementing them on an etch or deposition reactor to pursue in-situ measurements.
Presently we are having discussions with Sandia National Laboratories (SNL) and Lam

- Research in this regard. SNL is presently establishing the capability to process 0.5 Vm
geometries. However, smaller geometries would require ex-sim measurements using
samples which would be obtained elsewhere. One possibility we are exploring is using e-
beam wfitten patterns in photoresist to fabricate smaller geometries with ion beam milling.

We will also involve the University of New Mexico as part of our Phase II effort because
of their background in demonstrating scatterometer applications in microelectronics
manufacturing. They will provide the modeling required for the fundamental3 understanding of processes as well as the optical expertise required,

I
I
U
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! Scatterometry Applied to
* Microelectronics Processing
3 JR. McNeil, SSIL Naqvl, S.M Gaspar;, K.C. Hickmsn, K.P. Bishop, LM. Milnuer, R.L Knrkar, GA Petersen

Center for High Technology Materials, University of New Mexico. Albuquerque, New Mexico

I
Scatterometry is a promising new optical metrology tered from a surface. The method may be used for characteriz-
method for nondestructive rapid evaluation of many ing structure and topology as well as for controlling fabrication
physical quantities of critical Interest In microelectronics processes. It is noncontact, nondestructiv -, rapid, and quantita-
fabrication. Among these are latent Image CDs in tive. and in many cases can be used in sitti. Scatterometry is
undeveloped resist, Uthowaphy tool focus and exposure useful in many areas, including microelectr•nics and the pro-
parameters, etched structure CDs, photomask and phase cessing of optical elements and storage media. Its use can elimi-
shift mask characteristics, and metal grain szes. This nate the need for optical microscope examination in many cases
paper provides a general review of scatterometry, describes and, unlike microscopy, it is readily amenable to automated
both Instrumentation and methods, and Introduces processing. In this article, we will review scatterometry applica-
subjects to be discussed later in this series, tions that include characterization of photoresist latent images

for exposure and focus control, etched structures, photomasksg and phase shift masks, and Al-Si grain size.

Basic Principles
CIritical dimensions (CDs) of 0.8 pm are common for high Scatterometry is a light scattering technique. Light scattering
performance microelectronic devices. Advanced fabrication measurements have been used since the mid- 1970s to charac-
processes already involve CDs of 0.5 pin while technology for terize optical elements [ 1-41 in terms of the root mean square
CDs of 0.35 pim and smaller is now being developed and the (rms) roughness. More recently, scatterometry has been ap-
0.1- to 0.2-pim range will be broached by early in the next plied to materials and processes used in microelectronics fabri-
decade. This trend, coupled with increasing automation and cation [6-9]. The method can characterize structures with
larger die and wafer sizes, only hints at the unprecedented de- dimensions much smaller than the wavelength X of the light
mands now being made in the area of fabrication process con- used. in contrast, optical microscopy has a spatial resolution
trGl. With current CD error budgets typically 10% to 20% of comparable to ,.
the total CD, the absolute dimensional control required in fab- Samples characterized by scatterometry have a periodic
ricating advanced devices is 0.05 pin or smaller. structure. This results from intentionally patterning the sample,

or, alternatively, by considering a nominally smooth sample to
Unprecedented Process Control Demands an be a superposition of many periodic structures as described

Unprecedented Metrology below. Light which illuminates such a sample is diffracted at
angles prescribed by the grating equation

deally, a metrology technique should be noncontact, nonde- sin + sin 6, = nJd
structive, rapid. quantitative, simple, and applicable in situ. An I
attractive alternative metrology technique that fits we with where e1 and E, are the incident and scattered angles,
these objectives has appeared relatively recently. Called scat- respectively, n is an integer, and d is the period or pitch of the
terometry, it is the angle-resolved characterization of light scat- structure. With scatterometry, unlike imaging, the diffracted
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3 Exper ital arrangement of ca scatterometer

A "20 Scatterometer" arrangement Pspecially suited for
characterizing short pitch, small CD structures
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Model dlata illustrates the dependlence of I st-order diffracted power
t on the iinewidtfi of periodic structure fsovinq a I 5-prni pitch

Cntrons simulated were Si substrate with 350 nmn of SIM2, I -rim

I photoresist, ?.-633 nrn; beamn TE polarized and incident ait 30
Diffraction characteristics for two periodic structures havitog the
same pitch hut different lineshape

Vec to r seat tern g the iric s dcsc rthe the (Iilfe rennid iIg hr scat

ter dl1 as
priipirtives telg., refraictive index of thle different region.,) as II
well Is, the topiigraphical chatracteristics (e.g., pitch, depth, andiIdl

1tlwl) (if ',the surfaice. f tntpertiesý of the Inciident heamI~ ( in- I Lip*Fik

chluine I! wvelength, aingle otf Incidence, anid polari/aittiri) ils~oI I
dvtertiniie the diffraction characteristiis of the satnple Hotth where C is at coitsant, 1, ik the inteosIitS' itf the IincfeitI light.
te reflected tiln tratisoiittedi clct. rOrnitriagntic fields carts' inofr and dot. is the solid aingle of' the detection 'vTeil.Ve quantitits

Iith ol AihM A the scattcririg ,uria(,. N umneriwtus titritlogs' tech Q i11 1: Lt (2). called the "opticadl tactoiir" is Indepenident Of litheIiu, ~. ellipmtinctrv. optical inicriiscopy, etc.) explotit this suirface structure and is atunct(iont(it the iingles if incidence.

iiipoiiriplircil 1111intiitnat ittahLItt the ,ciitteririp svitace. When at the ,iirtiice, andi pofariuiition states, o thle incident and scatte~redU ~period~ic s Pfc ,i lumntd tile scattered hields, coiisis iii light, X, and X, respectivelv. 'The( "surtface factor" lli~) p. tislte
diliticit lift ract ion iirders propagaiting in directions specified power spectral utensit' WfSlý (itt the surface- riiugfiiieNs hits is
J1% the )'r JIM1iit eqatti thsi hown schellatically' iii Fig. 4.1 the uttitpu tof thle scatterotnteter mneasurement and is, the IMuicI s~~~.. lii Iiltisrt' ifhe dltitfititit triter invreiihitie of twit triic tlotr ttiit ulescribt's the surface NItAuLcItiri'
ttiir' thait fi iti'. sOiw i pitfic fitichut difflteent liiiewiultfi It thec surf~w a 1e Is ilte ' XY liLIIIC ciid /XY I. ) it' "is lie K~ce

.lIeh tIp1)0igrphirc ildependience it ltlta11ictiiiri is fUrther ilbso height s anatnin relative to thait pkltic. tieIhv )S is visen h.\
tritcd i Ii lig. '), Ahiichi shiiw the cak. u~lated I st-tiider dliltracu

hl tittenits1 %vr~tis linewidtfi for a1 1 .5 pin pitch perioditc ff-- f&ddy v'()"ii "iv Z(X.Y)
,hitieitstucture. '[he aitiiple was, a 1 .0 Wit phottiresist, A 2yr

laser (itt 15t) rtii (it )I( ini a Si siuhtratte The 6r3 t int heaini
asý Incident ait 310 and was, TF p-tlarized. Djiftractiton charac- where A is, the area illumninated, and 1p dond qiare the surfatce

(11 Mj'c~" (.11ilw 1 v~ will het g'ivelIn tO te istii, (titer wod tic PSDIi the as~erape ,quitiredl niagnittide iii tire

inch'ý It f this scattcrionictirv cies twit tfiienITIC nlill Foiurrer trasfoitrin tif the stIt;Irce roit~nolrtes

It is, chonvseniient to deser the the scirftce riiiigtiness, tnt icrinits(if
Topology of "Smooth" Surfaces the rm.s rougtiness (7. whic~h is, giseli iii tennis of the inustrhl nient

[tie relat iioi hetseer elet trrin~ignagti sc~ittritng wiltl haidwidtft and nrlodtilatiton transfer fuitctioni (MIT. Nfip~q t is,
oiiiiitf surf ace iitopology' his beeni studiedl for nloans Vears. IDiffereot saluies itt o will resutlt it thle integrul limit' i.e

m5titietills T Li crinoectoin~i with riaiar Inte aeit t ati dico ICii;, P- 'I-,
pertt- ifillv reficnig sujrf ace where heighti vartatiitiow ire Intili d~ Jp fdc MlI p. q 11)1ipq1

sittlle rInI hkIe ssas'elenei. thle sititittitO Is sinip111lfeti 1:0 fI
liw tig ( 'Irt ir t-hi'tetnient 1 21 the %aitiple is itnodeled v i as. an-

I ItItI II IIit]e hr ittiihe If t ~It vic at, cIc fisit ' sIII) ,t rutc Itt re A iti t inev itinid"I (titt 11 r) N I I itt the( initegrA ;i ~ t t~Iin If, ~rii sfitti fi ess
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Variation of 1 st-o-der diffraction intensity from a phoforesist Intent

image for different stepper focus conditions
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Anlsisrrateqv used to predict sample etch depth, theoretical3 rutterometrur dlata were cused to tormn vlstratcti techniques rinddo
ex perimental scatlefrometer data were subsequently input to predict
the depth Jf n v 4ph Model and experlmentol data for the ziero-order diffraction intensity

frnm or line structui P with o I O-jurro pitch. 5-pim width, and 0 3 71- pin

Scatterometry for Etdied Structure Characterization dphuesie iinjte2- c~ncmtrarn(nri

'S at reicti-rr Canl lie uised to ionalywe ecrhed structures
rpridly and niondletructively 117- 18. ()le example oit ,cat- Scatterorrretrv provide,, aI stNpe111 airld aICctrrate rrecclho tor* ~ ~ Irocctnctr charactermiaicin af thv depth ofl an etched ,tnictuie delcrtrrnitrg loit-widVi~th5 of plorctoinaAs graitirgs, In tlci- all

rInvolvedl patterltvs that had 12-Wpns11.1 p itchad I 5-pin wide line,, plicatticti anc inicidentt laser I'eaili producite" a stmitttrtied 1(1~

et chedl in crystalline Si. D~ue to the large pttch,. the difiraction consistitig of multiple11 ref1Lected ;id transmiIItoted orders,. A
palticrws trami thlese stricltures, contained mnany corders, and the oinplified ,calar mnodel oft difftractiucr itid1LICare thtl rIhC

iirtr'csitv iof each cirdler wa~s sesirtive to the dlepth of the line.%. atnaount of power diffraicted into (lthe tanstiritted erci iorder
Statisýtic.al techniques were used to analyze the patterns, as il- should he iniversely proportional (1) tl('he 1I I dirwiit HIto

hitraeil sc heimitical ly in IPig. H. I-he goal was tio predict the linewidth at the photomasok grating mnay he predicted.
eti h depthfrtrornth sfv catter characteristics. Prcccedurccllv, this, therefore, frontit na tcaurerrient of inttenisity' at the iratisili

inviclved (the tse cit a tneural nsetwoirk and at partial least squaircs ted iero iorder 1X1. lo rigorously e-,tahlish this inverse. relat
nitteticc I1) '(- Ij IiHrst. the coupled wave mcccolel generated a set tlriurislip, the chrnimci ori-pcs, grating nia% he nitirleld iis

(It Iivteciretial datla that wits, usedf Icir Callihratmonl a'nd for "train ini 80) rini thick chiromeit la''er (eptusitedl on a glass *,hstriteUTV rigthe s,~tI,tIitctil tecLhniqjues Ihenm. experimiental dalat troirt with an I X-tim thick antir-etlectirig laser itl ciruimtie o~xide
thle sccitici -)irrtc'tr rneasiircrin ietlt was iput to the staltistical 01) Aplilicmitici ot rigurous cocupled wavc iheors 1 I6(d coni
rictuiuti to) predict thle ,amrple depth. Results were very good. firmied a tfliriintottic relationshipj between the Iceinvhidhi ofU l~~Iiif titrIN-eri sai les. eac tiontinally 9181 tliniin depth. the the grating itid the trarnltlited t icro rder pciwei. A

rieciri lnet predliction hadt ani averager emrnr cf +.X 1.00i'/, or "lookup table- can he used to gioe the linewidth lor a ricai

80 ni i (7, rim [he partial leatst squtares pre(Jiictciri tightened sured zero-order intensity.
tin ili art aoverage ercior cit 0).81/ 4 0.3',5 or 7 nttli ! 3 ntil. Saml Fxperirrients, veritied that the linecý%dttt obtained Nxrth scatI ~l were veiid m it ý,ann fo c crocisope teronctinretr was ccirnpamrahte ico thai cchraicncu cisocit ither tlpoi'iI
iSI-NI.) which trall ain error ot appricxciraielv 1% It was, nci itreticology minstrutnetrts One tnwisk basing six clittereri siihitt
ticessLars to fabhricate and c haracteririe calihircmcitr sarples, croti linewiclth gratings was, sent toc seeral ctf lodce c deete
I1c cl- alibraictiit claa [hla were, grCera.ieMCl trioin the riniucll tire lottie insrtiruccit-Iui-itcstriirrrent satniation cin CD nI)rcecsirerrierts

based cot Maow-ell s eqilcuticris and rigicrotis dlittraictioi Iheuiry Noc ,onsensus was, uobtainmed fuor tite liriewkiclthi s worir Ig th
an tc n h coaciisdrecl aihsu)tclv cctls e I,11 "alca iffterent inistrarients,. Scatterccrticerv i deUDncmr

11jiiJei cant he ixtencecl tco prediltmusdewa~ll hiaric,cctcrrsics. tisrits thict were coimiparable tic thcs cibtairced umis icic' the ri
()s, nimetrcclcgy inminstierats In ,oine cases-,. tie recoihis chiflfrtil

Chrome-on-Glass Photomnasic Grating Metrology hr. less than 9'/(; g. resuilts fromr a Naticccri 111H(1 'lice Icing

Act orate lincoi'dicth nitettihiiiv cit phiitoinrasks, is, essential tiur lonic t 18inos. repeatahilily cif theiiiv sierersw- licrtrIl to

pri0dCilcicrcril devce With) litre stie,, less, thain t.5 pini A he appriixiiiiarclyv 96(iMI~ ~ ~ ~~I" (15 !IS Na;tciona~l trisIilitif cit Stantda~rdls andico. le i Iig,
lcin \A, [iftll sJcicl~irlld HOcW eAIsts forl 0.1) pitn brie. c% ofhroi-rm ccii Line Edge Roughness

UI c-t () t Ilricicc ccii glass, ci[ c1iiN )Ithir r1itcciacl, icr thtmi niclter e'iciT ciii line ecdlgi I ire turirrer luiciilic'( ani scicuc.iltic
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I
Experimental and model results are plotted for the zero-order
intensity diffracted from a 10-pin pitch. 5-pum linewidth"structure, which was ion beam milled to a depth of approxi-¶ struct500, Thwipitesoi cuv at0 desut prmthe detector
mately 0.37 pm. The angle of incidence was varied over ±S: -. " .50*. Th.e dip in the solid curve at 0* results from the detector
blocking the incident beam. The difference between the ex-
perimental and modeled curves is 2.3%. Modeled data for
other depths indicate that the variation of the zero-order light
intensity is quite sensitive to the etched depth.

3Nominally "Smnothf"surfac•s
Figure 10 illustrates the power spectral density characteris-

tics for five samples (courtesy of Intel) of Al-Si alloy materi-
al, which were deposited at different substrate temperatures
between ambient and approximately 350'C. The area under
the PSD curves increases and the secondary peaks shift to
lower spatial frequencies (higher spatial wavelengths) as tem-
perature increases. The area increase is indicative of increas-
ing sample roughness, as expected, and the peak shift is
indicative of increased grain size of the material. Using SEM

techniques to determine grain size, consistent results were
Power spectral density (PSD t charact ues o Al-Si maeald obtained when compared to rmts roughness (98% correlation),Son Si wafers at diffure',t epoition t, although the SEM characterization required the samples to be

broken and etched. Similar results have been observed for Al-
scatter and the later produces diffraction, both of which are Cu and AI-Si (from other manufacturers) deposited at differ-
superimposed on the diffracted pattern of the desired line ent substrate temperatures, levels of su1-;,te bias, and with
structure. These two undesirable components of scattered antireflection (AR) layers. Samples o,. Al have also been
light can be treated separately, but preliminary work has characterized using grating coupling to surface plasma waves
focused on a differential measurement technique that in- to determine the electrical properties of the films [221. This
cludes both, application of scatterometry is compatible with the industry

The dome technique of Fig. 2 was used to measure the two- trend to build characterization directly into sputter systems or
dimensional scatter from mask patterns that nominally have a cluster tool arrangements.
one-dimensional periodic structure. For example, perfect struc- In a similar manner, we have characterized other materials
ture on the mask would diffract through a diameter of the dome including CVD W and silicides. For example, the effect of
at several points determined by the number of diffraction or- oxide growth on the surface properties of WSi2 is easily detect-
ders that occur. For each measurement, the data are transferred ed using scatterometry. The as-deposited material is smooth,
to a computer and image processing techniques subtract the and the PSD peaks at small spatial wavelengths, outside the
ideal diffraction pattern from the experimentally obtained pat- measurement bandwidth of the scatterometer. Subsequent oxi-
tern. The contribution of the residual scatter is integrated and dation of the surface at elevated temperatures promoted grain
normalized to the integral of the total scatter in the experimen- growth in the material. The rms roughness of the sample in-
tal pattern. This defines a figure of merit (FOM) as creased by a factor of four, and the sample PSD plot peaked at

I large spatial wavelengths (5 pmn). This is consistent with results
Scattered light exclusive of ideal diffraction from microscopic examination of the samples.

f All scattered light Conclusions and Forecast of FutureSThree photomasks were examined: one which had good Apiain
godApplications

quality lines. one that had a sinusoidal edge structure intention- The scatterumetry applications reviewed above illustrate
ally superimposed on the line edges. ant one that was inten- the technique's wide range of applicability in providing a
tionally etched to produce significant line edge roughness. The nondestructive, rapid, quantitative process monitor. Although
resulting FOM values for the masks were 3.57, 3.03, and 2.56. the applications discussed range from lithography control to
respectively, suggesting that scatterometry is a promising etched structure monitoring to metal grain size determination,
quantitative technique for mask characterization, these only begin to utilize the technique's capability. Mea-

surements can also be performed using multiple wavelengths
Phase Shift Masks and polarizations to yield even greater information. As a di-
Phase shift photomasks have recently attracted a great deal of mensional metrology tool, scatterometry will meet industry
attention. Selective changes in the phase of the light as it tra- requirements well into the future. Visible light enables scat-
verses the phase mask improves the resolution of the imaged terometry characterization of structures that have 0.15-ptm
lines which are printed. Accurate measurement of the phase CDs and smaller, use of ultraviolet sources can extend these
shifts resulting from thickness variations is presently a prob- limits even further.
lem. In line with this, mask structures were examined using Scatterometcrs ol the form shown in Fig. I are commercially
the "20 Scatterometer." The results are illu'-ated in Fig. 9. available from TMA Technologies. Bozeman. MT. In addit.on,
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